Tidally induced bars of galaxies in clusters by Lokas, Ewa L. et al.
ar
X
iv
:1
60
1.
07
43
3v
3 
 [a
str
o-
ph
.G
A]
  3
0 M
ay
 20
16
Accepted for publication in ApJ on May 24, 2016
Preprint typeset using LATEX style emulateapj v. 5/2/11
TIDALLY INDUCED BARS OF GALAXIES IN CLUSTERS
Ewa L.  Lokas1, Ivana Ebrova´2, Andre´s del Pino1, Agnieszka Sybilska3,4, E. Athanassoula5,
Marcin Semczuk1,6, Grzegorz Gajda1 and Sylvain Fouquet1
Accepted for publication in ApJ on May 24, 2016
ABSTRACT
Using N -body simulations we study the formation and evolution of tidally induced bars in disky
galaxies in clusters. Our progenitor is a massive, late-type galaxy similar to the Milky Way, composed
of an exponential disk and an NFW dark matter halo. We place the galaxy on four different orbits
in a Virgo-like cluster and evolve it for 10 Gyr. As a reference case we also evolve the same model in
isolation. Tidally induced bars form on all orbits soon after the first pericenter passage and survive
until the end of the evolution. They appear earlier, are stronger, longer and have lower pattern
speeds for tighter orbits. Only for the tightest orbit the properties of the bar are controlled by the
orientation of the tidal torque from the cluster at pericenters. The mechanism behind the formation
of the bars is the angular momentum transfer from the galaxy stellar component to its halo. All
bars undergo extended periods of buckling instability that occur earlier and lead to more pronounced
boxy/peanut shapes when the tidal forces are stronger. Using all simulation outputs of galaxies at
different evolutionary stages we construct a toy model of the galaxy population in the cluster and
measure the average bar strength and bar fraction as a function of clustercentric radius. Both are
found to be mildly decreasing functions of radius. We conclude that tidal forces can trigger bar
formation in cluster cores, but not in the outskirts, and thus cause larger concentrations of barred
galaxies towards cluster center.
Subject headings: galaxies: clusters: general — galaxies: evolution — galaxies: fundamental param-
eters — galaxies: interactions — galaxies: kinematics and dynamics — galaxies:
structure
1. INTRODUCTION
Barred galaxies constitute between∼30 and 70% of the
galaxy population, depending on the exact definition of
the bar, morphological type, environment etc. (Aguerri
et al. 2009; Buta et al. 2010, 2015; Cheung et al. 2013;
and references therein). Bars seem to be important for
the internal evolution of galaxies, e.g. since they provide
means of transport for gas, stars as well as redistribution
of angular momentum, and so are able to profoundly
influence the structure of host objects (e.g. Athanassoula
2013). As a result, bars are expected to be the driving
force behind the formation of inner galactic structures,
such as star-forming rings (Buta et al. 2004), and they
also contribute to the build-up of bulge-like structures,
the so-called pseudobulges (e.g. Fathi & Peletier 2003;
Chung & Bureau 2004; Kormendy & Kennicutt 2004;
Athanassoula 2005).
With the advent of large, often high-resolution, photo-
metric surveys like the Spitzer Survey of Stellar Structure
in Galaxies (S4G, Sheth et al. 2010; Kim et al. 2015) or
Calar Alto Legacy Integral Field Area (CALIFA) Survey
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(Sa´nchez et al. 2012) it became possible to not only study
the properties of individual barred galaxies in much more
detail but also assess the statistical properties of barred
galaxies. Observational studies of barred galaxies focus
either on a large number of objects to obtain statisti-
cal information on their properties across a number of
parameters, or they can be detailed studies of a smaller
number of objects (e.g. Aguerri et al. 2015; Seidel et al.
2015) or even single galaxies (e.g. Gadotti et al. 2015).
The former are useful e.g. for comparison with high-
redshift objects, while the latter can be used to perform
detailed comparisons with simulations.
Numerical simulations have shown that bars can form
spontaneously from dynamical instabilities inherent in
self-gravitating axisymmetric disks (e.g. Efstathiou et al.
1982; for a review see Athanassoula 2013). Purely self-
gravitating disks of early simulations were instantly sus-
ceptible to bar formation, with added spherical potential
delaying but not preventing it (Ostriker & Peebles 1973;
Athanassoula 2002). Bars were also found to grow slower
in hotter disks i.e. those characterized by higher veloc-
ity dispersions (Athanassoula & Sellwood 1986; Athanas-
soula 2003). Bar growth (in mass, length as well as
strength) is predicted to be due to the transformation of
stellar orbits in the disk from circular to elongated ones
as a result of angular momentum loss of the involved
stars. At the same time as the bar strength increases, its
pattern speed is expected to decrease (e.g. Athanassoula
2003; Villa-Vargas et al. 2009). An important episode in
the secular evolution of a bar is that of buckling insta-
bility leading to the formation of a boxy/peanut shape
(Combes et al. 1990; Raha et al. 1991) and usually
occurring about 1-2 Gyr after the formation of the bar
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(Martinez-Valpuesta et al. 2006).
Another channel for the formation of bars in galaxies
may be related to interaction with other galaxies of simi-
lar, larger or smaller size. It has been demonstrated that
interactions with a perturber can lead to the formation
of tidally induced bar in a galaxy (e.g. Gerin et al. 1990;
Noguchi 1996; Miwa & Noguchi 1998; Mayer & Wadsley
2004; Berentzen et al. 2004; Lang et al. 2014; Goz et al.
2015). Recently,  Lokas et al. (2014) investigated the evo-
lution of a tidally induced bar in a dwarf galaxy orbiting
a Milky Way-like host, a good candidate for such a bar
being the Sagittarius dwarf ( Lokas et al. 2010). Tidally
induced bars could also form as a result of interaction of
normal-size or dwarf galaxies with a cluster-like potential
(Byrd & Valtonen 1990; Mastropietro et al. 2005). In
particular, Mastropietro et al. (2005) have shown that
bars are an intermediate stage in the evolution of low-
mass galaxies under strong cluster tidal fields from late
to early type objects. If such a mechanism was indeed
dominant in clusters we should observe an increased frac-
tion of barred galaxies towards the cluster center.
Unfortunately, there is at present no clear evidence
for such a relation, although early studies seemed to
support this hypothesis. An analysis of the cluster-
centric distances of barred galaxies in the Coma cluster
by Thompson (1981) showed that a significantly larger
fraction of barred galaxies are located at the cluster core
than at larger clustercentric distances. In a study of the
Virgo cluster, Andersen (1996) found that the barred
disk galaxies are more centrally concentrated than the
unbarred disks. More recently, Barazza et al. (2009)
studied the bar fraction in clusters at moderate redshifts
z = 0.4 − 0.8 and found that the bar fraction decreases
strongly with distance if normalized by the cluster virial
radius.
However, other studies seem to have reached less firm
or even conflicting conclusions. For example, Me´ndez-
Abreu et al. (2010) studied the bar fraction in the Coma
cluster (based on a sample of 190 galaxies spanning a
9 magnitude range) and found no dependence on clus-
tercentric distance, suggesting that the environment is
not the most important factor and plays a secondary
role in bar formation and/or evolution. Lansbury et al.
(2014) analyzed bars in S0 galaxies in Coma (using SDSS
DR8 data) and found an increase in the bar fraction to-
wards the cluster core, but at a low significance level. In
another study, Cervantes Sodi et al. (2015) find (from
the analysis of SDSS DR7 data) that the bar fraction
is not directly dependent on the group/cluster environ-
ment, but is a strong function of stellar mass.
In general, external factors in bar formation are dif-
ficult to quantify. In order to aid in such endeavor, in
this paper we study in detail the tidal evolution of a
massive late-type disky galaxy similar to the Milky Way.
By evolving the galaxy in a Virgo-like cluster for 10 Gyr
on four distinct orbits, we investigate the influence of
tidal forces of varying strength on the bar formation and
evolution. As a reference case, we also analyze bar prop-
erties in the same model evolved in isolation. Note that
our purpose here is to investigate the effect of the tidal
force of the cluster as a whole and not the effect of the
short term encounters between individual galaxies that
may also influence the formation and evolution of bars
in cluster galaxies. However, this second process is ex-
pected to be less important for normal-size galaxies we
consider here than for dwarfs or low surface brightness
objects (Moore et al. 1999).
The paper is organized as follows. In section 2 we
describe the simulations used for this study. Section
3 presents a general description of the evolution of the
galaxies in the cluster including the main characteristics
such as kinematics and shape. Later, in section 4 we in-
vestigate in more detail the properties of the bars formed
during the evolution: their surface density distribution,
bar mode strength and pattern speed as well as buckling
instability. Finally, in section 5 we use a few hundred
simulation snapshots at varying clustercentric radii sam-
pled from four simulations to create a toy model of the
cluster galaxy population in which we measure the ex-
pected fraction of barred galaxies as a function of radius
and attempt a comparison with observations. The dis-
cussion follows in section 6.
2. THE SIMULATIONS
The initial conditions for our simulations consisted of
N -body realizations of the Virgo cluster and a Milky
Way-like progenitor generated via procedures described
in Widrow & Dubinski (2005) and Widrow et al. (2008).
The procedures allow for the creation of N -body mod-
els of galaxies and halos very near equilibrium. The
Virgo cluster was approximated as a single-component
(Navarro et al. 1997, NFW) spherical dark matter halo
of 106 particles with parameters estimated by McLaugh-
lin (1999) from the combined analysis of X-ray and kine-
matic data and renormalized by Comerford & Natarajan
(2007) to match our definitions of the virial mass and
concentration (following  Lokas & Mamon 2001). Namely,
our Virgo cluster has the virial mass MC = 5.4 × 10
14
M⊙, the concentration c = 3.8 and an isotropic velocity
distribution. In order to make the cluster mass finite we
introduce a smooth cut-off in the density profile at the
scale of the virial radius (2.1 Mpc) so that the total mass
is equal to the virial mass.
We compared the line-of-sight velocity dispersion pro-
file of such an N -body realization to the presently avail-
able kinematic data for galaxies in the region of Virgo
from the NED database. We find that the velocity dis-
persion profile of the generated model (although based on
parameters aiming to reproduce the present properties of
the cluster) falls significantly below the presently mea-
sured one. This means that our model may be considered
a good approximation for the average gravitational po-
tential in the Virgo cluster over the last few Gyr rather
than just the present-day maximum value. Once the evo-
lution of mass content of clusters (and in Virgo in partic-
ular) is known in more detail, the results presented here
can be mapped to a given epoch in the evolution of the
cluster. Note also, that the Virgo cluster is not a very
massive cluster and we may expect typical, more massive
clusters to be even more effective in inducing bars since
their tidal forces will be stronger.
As our model of the progenitor galaxy we adopted
a rather large, late-type galaxy, similar to the Milky
Way. We have used a model close to the model MWb of
Widrow & Dubinski (2005), with just two components:
an NFW dark halo and an exponential disk, but no clas-
sical bulge. Each of the two components was made of
106 particles. The dark matter halo had a virial mass
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TABLE 1
Orbital parameters of the simulations
Simulation Dapo Dperi Torb nperi Line color
[Mpc] [Mpc] [Gyr]
S1 0.5 0.1 1.3 9 red
S2 0.75 0.15 1.9 6 green
S3 1.0 0.2 2.5 4 cyan
S4 1.5 0.3 3.7 3 blue
S5 – – – – black
MH = 7.7 × 10
11 M⊙ and concentration c = 27. The
disk had a mass MD = 3.4 × 10
10 M⊙, the scale-length
RD = 2.82 kpc and thickness zD = 0.44 kpc. Both com-
ponents were smoothly cut off at appropriate scales. The
minimum value of the Toomre parameter of this realiza-
tion was Q = 2.1 so we expect the model to be stable
against bar formation for at least a few Gyr.
We place the progenitor galaxy on a few typical, ec-
centric orbits in the Virgo cluster with apo- to pericenter
distance ratio Dapo/Dperi = 5 (Ghigna et al. 1998). The
values of the apo- and pericenters were chosen to cover
a wide range of distances where most of the galaxies in
Virgo are observed. Our tightest orbit with Dperi = 0.1
Mpc is the smallest possible, that can still be consid-
ered unaffected by the central galaxy, while our most
extended orbit reaches the outskirts of the cluster. In
all simulations the disk of the progenitor was coplanar
and exactly prograde with the orbit. We performed four
such simulations, which will be referred to as S1-S4, with
identical initial conditions except for the orbit sizes. As a
reference case we have also evolved our progenitor galaxy
in isolation and will refer to this simulation as S5. The
orbital parameters of the simulations are summarized in
Table 1. The second and third column of the Table list
the apo- and pericentric distances, the fourth gives the
radial orbital period, the fifth the number of pericenter
passages occurring within the time during which we fol-
lowed the evolution and the last one the color coding to
be used throughout the paper.
The evolution of the system in each simulation was
followed for 10 Gyr using the GADGET-2 N -body code
(Springel et al. 2001; Springel 2005) with outputs saved
every 0.05 Gyr. The adopted softening scales were ǫD =
0.1 kpc and ǫH = 0.7 kpc for the disk and halo of the
galaxy while ǫC = 14 kpc for the halo of the Virgo cluster,
respectively. This large softening of the host (of the order
of 5 scale-lengths of the galaxy disk) was set so as to
minimize the effect of the rather large mass of the cluster
particles on the evolution.
3. EVOLUTION OF THE GALAXIES
3.1. Orbital evolution
The orbital evolution of the galaxies in the cluster dur-
ing 10 Gyr is illustrated in Figures 1 and 2. In each simu-
lation the initial position of the progenitor was at the co-
ordinates (X,Y, Z) = (−Dapo, 0, 0) kpc of the simulation
box and the velocity vector of the galaxy was toward the
negative Y direction. Figure 1 shows the orbits of the
simulated galaxies in projection onto the orbital plane
XY . Figure 2 compares the distance (upper panel) from
the cluster center and the orbital velocity (middle panel)
of the galaxies in the cluster. The radial orbital peri-
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Fig. 1.— The orbits of the simulated galaxies in the cluster in
projection onto the orbital plane. The orbits in simulations S1-S4
are shown with the red, green, cyan and blue line respectively. The
same color coding is used in the following figures.
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Fig. 2.— The evolution of the clustercentric distance (upper
panel) and the orbital velocity (middle panel) of the galaxies in
the cluster. The lower panel shows the evolution of the tidal force
(TF) experienced by the galaxies.
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ods for the different simulations (between the first two
apocenters) are listed in the fourth column of Table 1.
The galaxies experience a different number of pericenter
passages: nine, six, four and three respectively for S1 to
S4. Note that some orbital decay is seen in the orbits as
a result of dynamical friction so the apo- and pericenter
distances as well as orbital periods decrease in time.
The lower panel of Figure 2 shows the logarithm of
the tidal force experienced by the stars of the progenitor
galaxy approximated as rM(< D)/D3 (and expressed in
M⊙ kpc
−2) where r is the distance from the progenitor
center and M(< D) is the mass of the cluster contained
within the galaxy’s distance from the cluster center, D,
as it moves on its orbit. For the calculation, we adopted
r = 7 kpc, a scale-length found below to correspond to
the typical length of the bar. We note that although the
mass of the cluster contained within D is significantly
smaller for the tighter orbit, the D−3 dependence of the
tidal force on distance prevails and the tidal force is sys-
tematically stronger for tighter orbits than for more ex-
tended ones both at pericenters and apocenters.
The values of log TF at the first pericenter passage
vary from 7.2 for simulation S4 to 7.8 for S1. These val-
ues can be compared with those characteristic for the
configurations applied in the study of Miwa & Noguchi
(1998). They used close to point-mass perturbers of 1
and 3 times the mass of the perturbed galaxy and peri-
center distances of 40 kpc. These values translate to
log TF of 7.3 and 7.8 in our units. Miwa & Noguchi
concluded that these two values bracket the transition
between two regimes of tidal bar formation: when the
tidal perturbation is relatively weak the bar properties
are determined mostly by the internal structure of the
perturbed galaxy while a sufficiently strong tidal pertur-
bation washes out the intrinsic structure of the target
galaxy and creates a bar with properties determined by
the parameters of the tidal encounter. Comparing these
values with ours, we may expect that in simulation S4,
where the tidal force is weak and below the range, the bar
will be very weakly affected by tides while for the tighter
orbits S1-S3 we should see bars with different properties.
3.2. Evolution of kinematics
In order to measure the global kinematic properties of
the stellar component of the galaxies as a function of time
we calculated the direction of the principal axes of the
inertia tensor of the stars within 7 kpc from the galactic
center and rotated the stellar distribution to align the
coordinate system with the principal axes so that the
x coordinate is along the major axis, y along the inter-
mediate, and z along the shortest one. The choice of
the radius of 7 kpc, corresponding to about 2.5RD, was
motivated by the typical length of the bars in the later
stages of the evolution and will be justified below, when
we discuss the properties of bars in more detail. We then
introduce a standard system of spherical coordinates and
calculate the mean velocities and dispersions of the stars
(see  Lokas et al. 2014 for details).
Figure 3 illustrates the kinematic properties of the stel-
lar components as a function of time for the five simula-
tions. The upper panel shows the rotation of the stars
around the minor axis vφ. As expected from previous
studies of tidal stirring of galaxies, in general the rota-
tion decreases with time, i.e. the streaming motion of
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Fig. 3.— Evolution of the kinematic properties of the stellar
component of the galaxies within 7 kpc in time. The upper panel
shows the mean rotation velocity around the shortest axis vφ and
the second panel plots the 1D velocity dispersion averaged from
three dispersions measured in spherical coordinates. The last panel
illustrates the evolution of the anisotropy parameter β.
the stars is replaced by random motions, as confirmed
by the increasing 1D velocity dispersion of the stars seen
in the second panel. During the first 5 Gyr of evolution
the dependence on the orbit is clearly monotonic: the
effect is strongest for the tightest orbit (S1) and weakest
for the most extended one (S4). After that the trend of
decreasing rotation and increasing dispersion is not so
clearly present for S1. The rotation can both decrease
and increase at a given pericenter passage depending on
the orientation of the bar at this moment. This is the
same effect as was discussed for tidally induced bars in
dwarf galaxies by  Lokas et al. (2014, see their figure 11):
the bar is speeded up if the tidal torque acts in the same
direction as the bar rotates, while it is slowed down if the
torque acts in the opposite direction. As a result, at the
end of the evolution S2 is more evolved than S1 in a sense
of having lower rotation and higher velocity dispersion.
This is just due to the more ‘favorable’ orientation of
its bar at pericenter passages. Let us also note that the
evolution on the most extended orbit (S4) is very similar
(even slightly slower) to the case of the galaxy evolving
in isolation (S5). This means that at this most extended
orbit the tidal force is too weak to significantly affect the
evolution.
The last panel of the Figure shows the behavior of the
anisotropy parameter of the stars β (defined in the stan-
dard way as β = 1 − (σ2θ + σ
′2
φ )/(2σ
2
r) where the second
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Fig. 4.— Evolution of the shape of the stellar component of the
galaxies within 7 kpc in time. The three panels from top to bottom
show respectively the values of the ratio of the intermediate to
longest axis b/a, the shortest to longest axis c/a, and the triaxiality
parameter T .
velocity moment σ
′2
φ = σ
2
φ + v
2
φ includes rotation). For
all simulations the anisotropy increases in time from the
negative values corresponding to tangential orbits (due
to the initial rotation) toward more positive values cor-
responding to more radial orbits. For S1 and S2, where
rotation is strongly diminished, the anisotropy is mildly
radial, while for the remaining cases the orbits are close
to isotropic or weakly tangential (S4) at the final stages
of evolution.
3.3. Evolution of shape
Figure 4 describes the evolution of the shape of the
stellar component within 7 kpc. The upper panel of
the Figure plots the intermediate to longest axis ratio
(b/a), the middle panel the shortest to longest axis ra-
tio (c/a) and the lowest one the triaxiality parameter
T = [1− (b/a)2]/[1− (c/a)2]. The evolution of b/a shows
strong variability at the earlier phases of the simulations
for tighter orbits S1-S3, but the overall trend is for the
b/a to become lower in time. The evolution of c/a is
much smoother: the thickness of the stellar component
remains approximately constant for the initial 1, 3, 4
and 6 Gyr respectively for simulations S1, S2, S3 and
S4/S5. After that the distribution of the stars becomes
significantly thicker. We discuss the origin for this be-
havior further below and relate it to the occurrence of
the buckling instability. The evolution of the triaxiality
parameter from low values characteristic of oblate disks
towards high values characteristic of prolate spheroids
strongly suggests that in all cases the progenitors expe-
rience the formation of a tidally induced bar. In the
following section we discuss the properties of these bars
in more detail.
4. PROPERTIES OF THE BARS
4.1. Surface density distributions
Figure 5 illustrates the final outcome of the simula-
tions in terms of the surface density distribution of the
stellar component of the galaxies. The images were cre-
ated by aligning the stellar components with the prin-
cipal axes determined as before from the distribution of
stars within 7 kpc from the center. The results for sim-
ulations S1-S5 are shown in rows. The columns (from
the left to the right) contain the projections along the
shortest (z), intermediate (y) and longest (x) axis of the
stellar component, i.e. they correspond to the face-on,
edge-on and end-on views of the bars. The bar along the
x axis is clearly visible in all cases.
The shape of the bar is however significantly differ-
ent in S1 and S2 (the two tightest orbits) than in the
remaining simulations: it shows a distinct boxy/peanut
shape characteristic of a strong bar, not only in the edge-
on but also in the face-on view, while in S4 and S5 the
isodensity contours are more elliptical, characteristic of
weaker bars. Orbit S3 produces a bar with a shape in-
termediate between the two. Note that while the surface
density contours of the bars formed in simulations S3-S5
would be well fitted by the generalized ellipses proposed
by Athanassoula et al. (1990), the shapes of bars in sim-
ulations S1-S2, especially in the outer parts, could be
better approximated by curves similar to Cassini ovals.
4.2. Bar modes and pattern speeds
The strength of the bar can be characterized by one
number, the module of the Fourier m = 2 mode of the
surface distribution of the stars. We calculated this pa-
rameter for each output of the five simulations projecting
all stars along the shortest axis and taking into account
all stars within the radius of 7 kpc. The results are shown
in the upper panel of Figure 6. Confirming the impres-
sion from the surface density distributions discussed in
the previous subsection, we find the bar to be strongest
in the case of simulations S1 and S2. Note however, that
the rather similar final stages of the two simulations are
reached by significantly different paths. In the case of S1
the bar mode grows most strongly up to A2 = 0.5 dur-
ing the first 5 Gyr to remain more or less on the similar
level in the later stages of evolution. On the other hand,
for the remaining simulations S2-S5 this growth is more
monotonic and stable, but at the end of the evolution S2
even overcomes S1 reaching A2 ≈ 0.54.
In the lower panel of Figure 6 we plot the pattern
speed, i.e. the angular velocity of the bar, measured
during the last 5 Gyr, that is after the bar is formed in
all simulations. As expected, the stronger is the bar in
terms ofA2, the lower its pattern speed. This correlation,
known to exist for bars formed in isolation (Athanassoula
2003) is therefore confirmed also for our tidally induced
bars. Again we find an approximately monotonic depen-
dence of the bar properties on the extent of the orbit of
the galaxy: bigger tidal forces on tighter orbits produce
stronger bars with lower pattern speeds.
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Fig. 5.— Surface density distributions of the stars in the simulated galaxies at the end of the evolution for our five simulations (rows)
and along different lines of sight: the shortest (z), intermediate (y) and longest (x) axis of the stellar component (columns, from left to
right). The surface density measurements were normalized to log of maximum value Σmax = 3.3× 109 M⊙ kpc−2 occurring for the line of
sight along the x axis for S2. Contours are equally spaced in log Σ with ∆ logΣ = 0.05.
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Fig. 6.— Evolution of the bar mode A2 measured for stars within
the radius r = 7 kpc (upper panel) and the pattern speed of the
bar (lower panel) as a function of time.
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Fig. 7.— The profiles of the bar mode A2(R) at the final outputs
of the simulations.
Interesting information about the bar properties can be
obtained if we go beyond single-value measurements and
study the profiles of bar modes as a function of cylindrical
radius in the galaxy, A2(R). Examples of such profiles
for the final outputs of the five simulations are shown
in Figure 7. The curves possess characteristic shapes,
with a maximum, typical of bars formed in isolation and
similar to tidally induced bars in dwarfs ( Lokas et al.
2014).
An even more complete characterization of the bar
properties, previously applied e.g. by Athanassoula et
al. (2005) and Saha & Maciejewski (2013), can be ob-
tained by combining the dependence on distance and on
time to produce maps of A2 mode profile evolution such
as those shown in Figure 8. Here we combined the mea-
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Fig. 8.— The evolution of the bar mode profiles A2(R) in time.
The five panels from top to bottom show the results for simulations
S1-S5 respectively.
surements like those shown in Figure 7 for 201 outputs
of each simulation to create contour plots with contours
spaced by 0.1 in A2. Such diagrams can be used to vi-
sually determine both the bar strength and bar length
depending on the preferred definition of these quantities.
For example, the first maximum value of A2 along the ra-
dial variable can be adopted as a measure of bar strength
at a given time and some lower fixed value (e.g. half the
maximum) at a larger radius as a measure of the bar
length (see the discussion in section 8 of Athanassoula &
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TABLE 2
Properties of the bars at the end of evolution
Simulation A2,max ab Ωp RCR RCR/ab
[kpc] [km s−1kpc−1] [kpc]
S1 0.65 12.2 5.6 25.6 2.1
S2 0.70 10.7 3.9 36.3 3.4
S3 0.62 8.7 9.0 20.4 2.3
S4 0.51 7.7 12.4 15.7 2.0
S5 0.56 8.4 12.0 17.0 2.0
Misiriotis 2002).
The diagrams allow us to grasp the full history of bar
formation and evolution in the five simulations. Slightly
after the first pericenter passage that occurs at 0.7, 0.95,
1.25, 1.9 Gyr for simulations S1-S4 respectively, the disks
are stretched causing an increase of A2 at large distances.
As expected, the galaxy at the tightest orbit (S1) is af-
fected most strongly and down to lowest radii. For this
case, the evolution is rather complicated: initially a small
bar, of radius about 3 kpc forms that only later grows to
reach a typical scale of the order of 7 kpc and even larger.
Intermediate stages of this evolution involve the forma-
tion of spiral arms, rings and oval disks. Interestingly,
for this simulation, the bar appears longest and strongest
between 4.5 and 5.5 Gyr, i.e. during one full orbit be-
tween the fourth and fifth pericenter passage. After this
period the bar is shortened and weakened until the sev-
enth pericenter at 7.7 Gyr when it starts to grow again.
As discussed in section 3.2, this behavior is due to par-
ticular orientations of the bar with respect to the tidal
torque at pericenters. When the torque speeds up the
bar it makes it weaker, while the opposite is true for the
torque slowing down the bar, which makes it stronger.
We note that at the end of evolution the bar in S1 is
significantly longer than 7 kpc as confirmed by Figure 7
whether we estimate the length as the radius where the
first minimum occurs (∼ 14 kpc) or as the radius where
A2 falls down to half the maximum value (∼ 12 kpc).
For the remaining simulations on more extended orbits
the situation is similar in a sense that a small bar forms
first and then grows to a size of at least 7 kpc but in
general this happens later, in more steady manner and
the bar at the end is weaker. In all cases the disk is
stretched at the first pericenter passage, but at larger
radii for more extended orbits. However, we always see
perturbations (regions of slightly higher A2) propagat-
ing towards the center of the galaxy that seem to seed
the bar. These perturbations are stronger and propagate
faster for tighter orbits.
The galaxy evolved in isolation (S5) remains stable
against bar formation for the first 3 Gyr. After this time
a bar starts to develop and grows uniformly in a man-
ner similar to the most extended orbit (S4). However,
the growth in S5 is slightly faster and the final bar is
a little stronger and longer than for S4. This behavior
is probably due to the fact that, contrary to S5, in S4
the galaxy is subject to, however mild, tidal force that
affects and perturbs the outer parts of the disk forming
tidal extensions. Only after that a perturbation from the
outer part travels towards the center to seed the bar.
Table 2 summarizes the properties of the bars at the
end of evolution. The columns of the Table list (from
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Fig. 9.— The profiles of the circular frequency at the final outputs
of the simulations (decreasing lines) and the pattern speeds of the
bars at the same time (horizontal lines).
the second to the sixth) the value of the maximum of
the bar mode profile A2,max (see Figure 7), the length
of the bar ab, the pattern speed Ωp, the corotation ra-
dius RCR and the ratio RCR/ab. The corotation radii
were estimated from the comparison between the circu-
lar frequency and the pattern speeds of the bars in the
final simulation outputs, as shown in Figure 9. Note that
the mass loss due to tidal stripping is relatively mild in
these simulations as all curves are close to the original
one (well approximated by the black line corresponding
to the galaxy evolved in isolation). In particular, even
the galaxy on the tightest orbit (S1) still contains 40%
of the initial mass within 40 kpc at the end of evolution.
The length of the bar was estimated as the cylindrical
radius where the value of A2(R) drops to A2,max/2 or, if
a well-defined minimum of the profile occurs at a smaller
radius, this radius was adopted as the bar length. In
most cases the ratio RCR/ab is of the order of 2 indicat-
ing that our bars are slow. Our strongest bar in S2 is
even slower with the ratio equal to 3.4.
Another feature differentiating the evolution in the five
simulations is the formation and survival of tidally in-
duced spiral arms. In all cases tidal extensions in the
form of two-armed spirals are formed at pericenters. In
the case of S1 however the spiral arms are short-lived
and are quickly dispersed forming extended tidal tails.
Once the stars in the outer parts are stripped no spiral
arms are formed and the whole stellar component is con-
tained in the bar, as confirmed by low values of A2 at
R > 13 kpc in the maps shown in Figure 8. In the case
of S2-S4 the material in the spiral arms formed at the
pericenter remains in the vicinity of the galaxy for some
time. The arms wind up to form tighter structures but
survive for much longer, especially in the case of simu-
lation S4. We will discuss the properties of such tidally
induced spiral arms in more detail in a follow-up paper
(see also Semczuk &  Lokas 2015).
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Fig. 10.— An example of the buckling instability occurring for
simulation S1 at 4.95 Gyr after the start of the simulation. The plot
shows the surface density distribution of the stars viewed edge-on,
perpendicular to the bar major axis. Asymmetries in the stellar
distribution, characteristic of buckling, are clearly seen.
4.3. Buckling
Another interesting phenomenon occurring during the
evolution of the bars is that of buckling instability. An
example of the edge-on view of the bar in simulation S1
at 4.95 Gyr from the start clearly showing the distortion
due to buckling is presented in Figure 10. One more ex-
ample is seen in the middle panel for simulation S3 in
Figure 5. It turns out that bars buckle in all our simu-
lations, but later on in the evolution for more extended
orbits. We find that a good signature of the buckling
is the presence of non-zero streaming velocity along the
shortest axis of the bar which is best measured using
cylindrical coordinates.
The upper panel of Figure 11 plots the absolute value
of the mean streaming motion along the vertical (short-
est) axis z: |vz| as a function of time. All simulations
show significant signal in this parameter, up to about 15
km s−1, corresponding to distortions of the stellar distri-
bution from the bar plane as present during the buckling
instability. This streaming motion occurs earliest in the
evolution and is quite large for simulation S1, but similar
values of this velocity are measured also for the remain-
ing simulations and at multiple occurrences.
Note that the first occurrence of large |vz | for simula-
tion S1 happens almost immediately after the first small
bar is formed, i.e. around 1 Gyr after the start of the
simulation. For simulations S2 and S3 the bars start to
buckle around 3 and 4 Gyr, again when the bar is still
quite small and weak. In the case of S4 and S5 the bars
start to buckle much later, both around 6 Gyr, when
the bars are longer and stronger. These timescales cor-
respond approximately to the second pericenter passage,
at least for S2-S4, so the strong tidal force experienced at
these time may help to induce buckling. However, this
interpretation is not supported by the fact that in the
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Fig. 11.— The evolution of the mean velocity along the shortest
axis and the corresponding velocity dispersion as a function of time.
The measurements were performed in cylindrical coordinates for
stars within 7 kpc.
model evolved in isolation (S5) buckling occurs at the
same time as in S4.
In the lower panel of Figure 11 we plot the evolution
of the dispersion of the velocity in the vertical direction,
σz. Clearly, the dispersion increases significantly at times
corresponding to the presence of the significant stream-
ing motions in the upper panel of the Figure. Together
with the increasing thickness of the stellar distribution,
as shown in terms of the ratio c/a in the middle panel of
Figure 4, occurring at about the same time, this means
that the orbital structure of the bars experiences sig-
nificant rebuilding. However, only for the tightest orbits
(S1 and S2) for which c/a and σz grow most strongly, the
buckling results in the formation of a clear boxy/peanut
shape, well visible in the surface density plots of Fig-
ure 5. As expected from earlier studies (e.g. Martinez-
Valpuesta & Shlosman 2004) the buckling episodes are
accompanied by a slight weakening of the bar, or rather
a slow-down in its growth in terms of A2, best visible in
the upper panel of Figure 6 for simulations S4 and S5.
We note that so far only mainly single or double buck-
ling episodes were reported in bars studied in the litera-
ture (Martinez-Valpuesta et al. 2006). Even when recur-
rent, the first bucklings were found to be rather short-
lived. In contrast, in our bars (even the one formed in
isolation) buckling seems to last for an extended period,
of the order of a few Gyr, affecting different parts of the
bar. It remains to be investigated if these phenomena are
continuous or composed of multiple buckling episodes.
4.4. Angular momentum transfer
Transfer of angular momentum from the disk to the
halo via the resonances is believed to be the main mech-
anism behind the formation and evolution of bars in iso-
lation (Athanassoula 2003). Here we check whether a
similar phenomenon may be at work for tidally induced
bars. Figure 12 plots the z-component of angular mo-
mentum of stars (upper panel) and dark matter (middle
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Fig. 12.— Evolution of the z-component of angular momentum
for stars (upper panel) and dark matter (middle panel) for particles
within the radius of 14 kpc from the center of the galaxy. The lower
panel shows the sum of the angular momentum for stars and dark
matter but within 30 kpc.
panel) measured for particles within 14 kpc from the cen-
ter of the galaxy as a function of time. Clearly, in general
the angular momentum of stars decreases systematically
with the most significant changes occurring at pericenter
passages.
As expected, the behavior is qualitatively similar to the
one of the rotation velocity shown in the upper panel of
Figure 3. The smaller time-scale oscillations particularly
visible in the case of S4 are due to spiral arms. These os-
cillations are not present in S5, which indeed does not
have transient spirals (see Figure 8). Note, however,
that on average S4 and S5 have nearly identical angu-
lar momentum evolutions, which indicates that, contrary
to bars, these transient spirals do not significantly con-
tribute to the angular momentum exchange between the
disk and the halo.
The measurements for the dark matter particles show
an opposite behavior. In this case the z-component of an-
gular momentum grows with time and more so for tighter
orbits. For simulations S4 and S5 the amount of angular
momentum gained is almost identical, again pointing to
the similarity between the two cases. Note that the mea-
surements for dark matter are much more noisy than for
the stars because within this radius the number of dark
matter particles is about a factor of 10 lower than the
number of stars.
In order to get a more complete picture, we have also
measured angular momenta of stars and dark matter for
all particles within 30 kpc. The choice of this radius
was motivated on one hand by the fact that almost all
stars are contained within this radius initially and on the
other by this scale being of the order of the tidal radius
of the galaxy. The tidal radius depends on the orbit and
time but its value (as estimated using the prescriptions
of Gajda &  Lokas 2016 for the prograde case) is close to
30 kpc at the last pericenter of simulation S2 (smaller for
S1, larger for S3 and S4).
The lower panel of Figure 12 shows the sum of the
z-components of angular momentum of stars and dark
matter within 30 kpc. For S5 (the galaxy evolved in
isolation) the sum is constant in time, which means that
the amount of angular momentum lost by the stars is
equal to the amount gained by dark matter. This is
also almost the case for S4 but for tighter orbits we see
clear loss of the total angular momentum over time, at
least when measured between pericenters. At pericenters
there are strong peaks from dark matter measurements,
especially for S1, but also for S2 and S3, because the dark
matter component then experiences strong tidal torques.
This means that for tighter orbits some angular mo-
mentum is transferred outside the gravitationally bound
body of the evolving galaxy. However, after 10 Gyr
only 10% of stars from within the 30 kpc radius are
stripped even for the tightest orbit S1. This small num-
ber of stripped stars is unable to carry away a signifi-
cant amount of angular momentum. Therefore, it must
be transferred to the dark matter component first. The
dark matter halo, being more extended, is more heavily
stripped by tidal forces and the angular momentum can
be carried away by its particles.
5. BAR FRACTION IN THE CLUSTER
We have demonstrated that on average bars form faster
and are stronger for tighter orbits. We may therefore
expect galactic bars to be stronger and more frequent
near centers of clusters. Here we attempt to predict the
dependence of the bar fraction on the distance from the
cluster center. For this purpose we construct a toy model
of the Virgo cluster using all the 800 simulation out-
puts we have available from our four runs on different
orbits S1-S4 (200 per simulation, excluding the initial
configurations). We therefore assume that for the last
10 Gyr our toy Virgo cluster constantly accreted galax-
ies, four of them every 0.05 Gyr, each on one of the four
orbits we considered. Combining the simulation outputs
in this way, we obtain a sample of galaxies at a variety
of distances from the cluster center and at different evo-
lutionary stages. We verified that the projected density
distribution of such a sample of galaxies can be approxi-
mated by a power-law not very different from the actual
distribution of galaxies in Virgo.
We then assume that an imaginary observer is able to
measure exactly the properties of the bars, in particular
determine the strength of the bar mode A2 using stars
within 7 kpc for all galaxies in the sample, as we have
done in previous sections. We then have a sample of 800
galaxies with known distances and A2 values. We now
translate the 3D distances to the projected ones assuming
that the cluster is observed along X , Y and Z axis of the
simulation box. Binning the galaxies in projected radius
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Fig. 13.— The average value of the bar mode A2 (upper panel)
and the bar fraction (lower panel) as functions of the projected
distance from the cluster center. The bar fraction is defined as the
fraction of galaxies with A2 > 0.3. In both panels the three lines
correspond to measurements along the three axes of the simulation
box: X (brown), Y (magenta) and Z (orange).
into 8 bins of 100 galaxies each, we calculate the mean
value of A2 and the fraction of galaxies with a strong bar
(A2 > 0.3) in each bin. The results for the quantities
calculated in this way are shown in Figure 13 for the three
lines of sight. The average strength of the bar (upper
panel) shows a clear trend of values decreasing with the
distance from the cluster center. The bar fraction (lower
panel) also shows a general trend to decrease with radius,
although it varies strongly with distance and depends on
the line of sight. The case of the decreasing bar fraction
is least convincing for the observation along the Y axis
(magenta line) where it is fairly constant with radius
within the distance of 0.6 Mpc.
Given this rather idealistic realization of the Virgo
cluster we expect that detecting such trends in real data
may be even more difficult. Recall that we have used
just a single model of a progenitor galaxy and we used
one initial orientation of its disk with respect to the orbit
(exactly prograde). Varying these parameters would re-
sult in a sample of barred and un-barred galaxies whose
average properties are very difficult to estimate. We have
verified however by running the simulations on orbits
S2 and S3 with exactly retrograde disk orientations that
bars formed in such configurations are similar to those in
isolation, i.e. such disk orientations do not speed up the
formation of bars. For the mildly prograde and perpen-
dicular orientations of the disk we expect some enhance-
ment in the bar strength, but much weaker than for the
exactly prograde cases ( Lokas et al. 2015). Therefore, if
galaxies are accreted by clusters with random disk ori-
entations we may expect average bar strength and bar
fractions to decrease with respect to what we showed in
Figure 13.
It would be essential to compare the predictions to real
data. Unfortunately, although Virgo is one of the clos-
est and best studied clusters, no uniform morphological
classification of its member galaxies has been performed
to date, although one may be available soon within the
Next Generation Virgo Cluster Survey (Ferrarese et al.
2012). We have therefore selected probable Virgo mem-
bers from the NED database using the velocity criterion
−1000 km s−1 < v < 3000 km s−1 that corresponds to
∼ 3σ cut and removes obvious interlopers. Such a selec-
tion yields a sample of 1168 galaxies with morphological
classification (barred vs. unbarred) up to 2.9 Mpc from
the cluster center. The morphological types given by the
NED database were verified and in some cases supple-
mented using the data from LEDA and Galaxy Zoo.
Calculation of the fraction of barred galaxies as a func-
tion of radius gives values of the order 0.1− 0.15 almost
independently of radius out to 2 Mpc. There is thus no
strong variation of the bar fraction visible in the data.
Also the value found is significantly lower than our pre-
diction in the lower panel of Figure 13. However, if we
take into account that our toy model only includes disky
galaxies and none of them undergoes a full transforma-
tion into a spheroidal/elliptical object, the comparison
would be more meaningful if we used only late type galax-
ies in Virgo. Selecting only spirals and S0s with firm
morphological classification (in the same velocity range)
we end up with a much smaller sample of 356 galax-
ies within 2.9 Mpc. The fraction of objects classified as
barred among those turns out to be much higher and
varies in the range of 0.25− 0.45 depending on binning.
This value agrees quite well with our prediction for the
central part of Virgo, but still no clear trend with radius
is visible.
We have already remarked that the prediction may be
an overestimate due to the narrow class of orbital con-
figurations considered. Also the data we have used are
far from uniform and complete as the NED database is
a compilation of information originating from different
studies and surveys. Comparison with the data in the
case of the Virgo cluster may also be hampered by the
particular properties of the cluster itself. First, the clus-
ter is known to be non-spherical and departing from equi-
librium. However, the most important feature from our
point of view may be the fact that it is composed of a few
distinct groups. It may very well be that the presence of
such groups obscures or even destroys the dependence of
the bar fraction on the distance from the cluster center
as the galaxies may have evolved in group rather than
cluster environment in the first place.
6. DISCUSSION
We studied the formation and evolution of tidally in-
duced bars in late-type galaxies similar to the Milky Way
orbiting in a Virgo-like cluster. We placed our progeni-
tor galaxy on four different orbits in the cluster and also
evolved it in isolation as a reference case. Bars form in
the galaxies in all our simulations and we find an ap-
proximately monotonic dependence of the bar proper-
ties on the strength of tidal force experienced during the
evolution. The bars form earlier and are stronger and
longer for galaxies more affected by the tidal force from
the cluster. All our bars experience extended periods
of buckling instability, but again this occurs earlier on
tighter orbits. The formation time and properties of the
bar in the model evolved in isolation are very similar to
those in the galaxy on the most extended orbit, so for
this orbit no enhancement in bar strength was seen. We
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therefore conclude that tidal interactions can trigger and
influence bar formation in the cluster center but not in
the outskirts. Our results agree with those of Miwa &
Noguchi (1998) who estimated the range of tidal forces
that should result in strongly tidally modified bars. This
range turns out to correspond to the values of tidal force
experienced by our galaxies on tighter orbits.
Our tidally induced bars turn out to be quite slow in
terms of the ratio of the corotation radius to the bar
length which we find to be of the order of 2 or higher
while the typical observed values are of the order of unity
(i.e. most of the observed bars are fast). They also ap-
pear slow when compared to the bar pattern speed of
the Milky Way which is estimated to be of the order of
Ωb ≈ 50 km s
−1 kpc−1 (Gerhard 2011) while our fastest
bars have Ωb below 15 in the same units. While Miwa
& Noguchi (1998), who simulated the formation of tidal
bars as a result of encounters between two galaxies, also
found their tidal bars to be rather slow, in our case the
speed of the bar seems unrelated to the tidal origin. Note
that all our bars are similarly slow, even the one formed
in isolation, so their speed is rather due to the initial
configuration. In addition, our bars are much longer and
stronger than the real Milky Way bar so they must have
lower pattern speeds. The trend of stronger bars having
lower pattern speed is the same in our bars as in those
formed in isolation.
Only for the tightest orbits does the tidal evolution
lead to the formation of distinctive boxy/peanut shape at
the end of the simulations. Here we agree with Noguchi
(1996) and Miwa & Noguchi (1998) who observed that
tidal bars have different, more boxy shapes than bars
formed in isolation. On the other hand, Athanassoula &
Misiriotis (2002) found that the shapes of the bars can be
different even if they form in isolation and suggested that
this is related to the fraction of dark matter in the galaxy
center and the amount of angular momentum transferred
from the disk to the halo. Since all our progenitors have
the same structural properties initially, it seems that the
shape is indeed controlled by the amount of angular mo-
mentum transferred, whether it is caused by the different
initial structure or is induced by tides.
We verified that the mechanism behind the tidal bar
formation in the configurations discussed here, i.e. a
normal-size galaxy evolving in a cluster environment, is
the transfer of angular momentum from stellar to dark
matter particles of the galaxy. Only after the dark mat-
ter halo is stripped by the tidal forces, is the angular mo-
mentum transferred outside the galaxy. Note that this
is significantly different from the case of a dwarf galaxy
orbiting the Milky Way discussed by  Lokas et al. (2014)
where the stellar angular momentum was carried away by
the stars stripped from the dwarf and feeding the tidal
tails. Here very little stripping of the stellar component
takes place so a different mechanism must be at work.
This mechanism, the transfer of angular momentum from
the stars to the dark matter halo, is thus the standard
one that has been invoked as the process responsible for
bar formation in isolated galaxies (Athanassoula 2003;
Martinez-Valpuesta et al. 2006; Debattista et al. 2006).
Additional differences between the tidally induced bars
in dwarfs and in normal-size galaxies studied here include
the fact that in the dwarf the buckling is very weak and
the bar structure is rather simple while here the stellar
component undergoes a number of rapid variations, in-
cluding extended periods of buckling, and the formation
of the bar is accompanied by the presence of short-lived
substructures like rings, spiral arms or even bars embed-
ded within weaker bars or oval disks. This is especially
the case for the tighter orbits. On the other hand, on
more extended orbits we witness the formation of strong
and long-lived spiral arms. The observational proper-
ties of these tidally induced bars and spiral arms will be
discussed in more detail in follow-up papers.
The problem of the evolution of disky galaxies in
cluster-like environments has been addressed in a num-
ber of past studies. For example, Mastropietro et al.
(2005) studied the evolution of disky dwarf galaxies and
their transformation into early type objects. They re-
ported the formation of tidally induced bars in some of
their configurations. On the other hand, Gnedin (2003)
and Smith et al. (2015) did not get bars as a result of
tidal interactions in their studies. The difference in the
outcome of their simulations and ours can be traced to
different initial configurations: their disks are rather hot
and thick from the start (in the case of Smith et al. 2015)
or become such when evolved in isolation (Gnedin 2003)
and thus are more stable against bar formation. In con-
trast, in our case the thickness and the vertical velocity
dispersion of the stellar component remains constant in
time until the bar buckles.
Using all our simulation outputs we constructed a toy
model of the population of galaxies in a Virgo-like cluster
in order to estimate the expected average strength of
the bar and the fraction of barred galaxies as a function
of clustercentric distance. We predict both quantities
to be mildly decreasing functions of radius. We have
also attempted a preliminary comparison with the data
using a morphologically classified sample of galaxies in
Virgo from NED but were unable to confirm the expected
trends. The difficulty lies in the lack of a proper data set
with uniform morphological classification and depth but
also in the presence of substructure in Virgo that may
obscure the trends.
An obvious caveat of the results presented here is the
lack of dissipational component in our simulations, as
including gas dynamics and star formation is known to
have some influence on bar formation in galaxies (Debat-
tista et al. 2006; Athanassoula et al. 2013). In particu-
lar, Athanassoula et al. (2013) find that in the presence
of a significant gas fraction in the disk bars form later and
are weaker. However, the gas component in normal-size
galaxies is probably not dominant at the time they are
accreted by a cluster and in addition the gas is expected
to be stripped by ram pressure rather quickly after the
galaxies are accreted if they plunge deep enough inside
the cluster, as is the case for our orbital configurations
(Quilis et al. 2000). Therefore, in less that one orbital
time the dynamics of the galaxies is expected to be es-
sentially collisionless. We are thus confident that our
simplified approach is able to grasp the basic evolution
of disky galaxies in clusters and the process of formation
of tidally induced bars in them.
ACKNOWLEDGMENTS
This work was supported in part by the Polish National
Science Centre under grant 2013/10/A/ST9/00023 and
by the project RVO:67985815. IE and AS acknowledge
Tidally induced bars of galaxies in clusters 13
the hospitality of the Copernicus Center in Warsaw dur-
ing their visits. We thank L. Widrow for providing pro-
cedures to generate N -body realizations for initial con-
ditions. Helpful comments from an anonymous referee
are kindly appreciated. This research has made use of
the NASA/IPAC Extragalactic Database (NED) which
is operated by the Jet Propulsion Laboratory, Califor-
nia Institute of Technology, under contract with the Na-
tional Aeronautics and Space Administration. We also
acknowledge the use of LEDA and Galaxy Zoo databases.
REFERENCES
Aguerri, J. A. L., Me´ndez-Abreu, J., & Corsini, E. M. 2009,
A&A, 495, 491
Aguerri, J. A. L., Me´ndez-Abreu, J.; Falco´n-Barroso, J., et al.
2015, A&A, 576, A102
Andersen, V. 1996, AJ, 111, 1805
Athanassoula, E. 2002, ApJ, 569, L83
Athanassoula, E. 2003, MNRAS, 341, 1179
Athanassoula, E. 2005, MNRAS, 358, 1477
Athanassoula, E. 2013, in Secular Evolution of Galaxies, ed. J.
Falco´n-Barroso J. and J. H. Knapen (Cambridge, UK:
Cambridge Univ. Press), 305
Athanassoula, E., & Misiriotis, A. 2002, MNRAS, 330, 35
Athanassoula, E., & Sellwood, J. A. 1986, MNRAS, 221, 213
Athanassoula, E., Morin, S., Wozniak, H., et al. 1990, MNRAS,
245, 130
Athanassoula, E., Lambert, J. C., & Dehnen, W. 2005, MNRAS,
363, 496
Athanassoula, E., Machado, R. E. G., & Rodionov, S. A. 2013,
MNRAS, 429, 1949
Barazza, F. D., Jablonka, P., Desai, V., et al. 2009, A&A, 497, 713
Berentzen, I., Athanassoula, E., Heller, C. H., & Fricke, K. J.
2004, MNRAS, 347, 220
Buta, R. J., Byrd, G. G., & Freeman, T. 2004, AJ, 127, 1982
Buta, R. J., Sheth, K., Regan, M., et al. 2010, ApJS, 190, 147
Buta, R. J., Sheth, K., Athanassoula, E., et al. 2015, ApJS, 217,
32
Byrd, G., & Valtonen, M. 1990, ApJ, 350, 89
Cervantes Sodi, B., Li, C., & Park, C. 2015, ApJ, 807, 111
Cheung, E., Athanassoula, E., Masters, K. L., et al. 2013, ApJ,
779, 162
Chung, A., & Bureau, M. 2004, AJ, 127, 3192
Combes, F., Debbasch, F., Friedli, D., & Pfenniger, D. 1990,
A&A, 233, 82
Comerford, J. M. & Natarajan, P. 2007, MNRAS, 379, 190
Debattista, V. P., Mayer, L., Carollo, C. M., et al. 2006, ApJ,
645, 209
Efstathiou, G., Lake, G., & Negroponte, J. 1982, MNRAS, 199,
1069
Fathi, K., & Peletier, R. F. 2003, A&A, 407, 61
Ferrarese, L., Coˆte´, P., Cuillandre, J.-C., et al. 2012, ApJS, 200, 4
Gadotti, D. A., Seidel, M. K., Sa´nchez-Bla´zquez, P., et al. 2015,
A&A, 584, A90
Gajda, G., &  Lokas, E. L. 2016, ApJ, 819, 20
Gerhard, O. 2011, Mem. Soc. Astron. Ital. Suppl., 18, 185
Gerin, M., Combes, F., & Athanassoula, E. 1990, A&A , 230, 37
Ghigna, S., Moore, B., Governato, F., et al. 1998, MNRAS, 300,
146
Gnedin, O. Y. 2003, ApJ, 589, 752
Goz, D., Monaco, P., Murante, G., & Curir, A. 2015, MNRAS,
447, 1774
Kim, T., Sheth, K., Gadotti, D. A., et al. 2015, ApJ, 799, 99
Kormendy, J., & Kennicutt, R. C. 2004, ARA&A, 42, 603
Lang, M., Holley-Bockelmann, K., & Sinha, M. 2014, ApJ, 790,
L33
Lansbury, G. B., Lucey, J. R., & Smith, R. J. 2014, MNRAS, 439,
1749
 Lokas, E. L., & Mamon, G. A. 2001, MNRAS, 321, 155
 Lokas, E. L., Kazantzidis, S., Majewski, S. R., et al. 2010, ApJ,
725, 1516
 Lokas, E. L., Athanassoula, E., Debattista, V. P., et al. 2014,
MNRAS, 445, 1339
 Lokas, E. L., Semczuk, M., Gajda, G., & D’Onghia, E. 2015, ApJ,
810, 100
Martinez-Valpuesta, I., & Shlosman, I. 2004, ApJ, 613, L29
Martinez-Valpuesta, I., Shlosman, I., & Heller, C. 2006, ApJ, 637,
214
Mastropietro, C., Moore, B., Mayer, L., et al. 2005, MNRAS, 364,
607
Mayer, L., & Wadsley, J. 2004, MNRAS, 347, 277
McLaughlin, D. E. 1999, ApJ, 512, L9
Me´ndez-Abreu, J., Sa´nchez-Janssen, R., & Aguerri, J. A. L. 2010,
ApJ, 711, L61
Miwa, T., Noguchi, M. 1998, ApJ, 499, 149
Moore, B., Lake, G., Quinn, T., & Stadel, J. 1999, MNRAS, 304,
465
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 490,
493 (NFW)
Noguchi, M. 1996, ApJ, 469, 605
Ostriker, J. P., & Peebles, P. J. E. 1973, ApJ, 186, 467
Quilis, V., Moore, B., & Bower, R. 2000, Science, 288, 1617
Raha, N., Sellwood, J. A., James, R. A., Kahn, F. D. 1991,
Nature, 352, 411
Saha, K., & Maciejewski, W. 2013, MNRAS, 433, L44
Sa´nchez, S. F., Kennicutt, R. C., Gil de Paz, A., et al. 2012,
A&A, 538, A8
Seidel, M. K., Falco´n-Barroso, J., Martinez-Valpuesta, I., et al.
2015, MNRAS, 451, 936
Semczuk, M, &  Lokas, E. L. 2015, in Proceedings of the XXXVII
Meeting of the Polish Astronomical Society, ed. A. Ro´z˙an´ska
and M. Bejger (Warsaw, Poland: Polish Astronomical Society),
in press, arXiv:1512.06005
Sheth, K., Regan, M., Hinz, J. L., et al. 2010, PASP, 122, 1397
Smith, R., Sa´nchez-Janssen, R., Beasley, M. A., et al. 2015,
MNRAS, 454, 2502
Springel, V. 2005, MNRAS, 364, 1105
Springel, V., Yoshida, N., & White, S. D. M. 2001, New
Astronomy, 6, 79
Thompson, L. A. 1981, ApJ, 244, L43
Villa-Vargas, J., Shlosman, I., & Heller, C. 2009, ApJ, 707, 218
Widrow, L. M., & Dubinski, J. 2005, ApJ, 631, 838
Widrow, L. M., Pym, B., & Dubinski, J. 2008, ApJ, 679, 1239
